ABSTRACT
Extrusion through porous filters is a widely used method for preparing biomimetic model membranes. Of primary importance in this approach is the efficient production of single bilayer (unilamellar) vesicles that eliminate the influence of interlamellar interactions and strictly define the bilayer surface area available to external reagents such as proteins. Sub-microscopic vesicles produced using extrusion are widely assumed to be unilamellar, and large deviations from this assumption would dramatically impact interpretations from many model membrane experiments. Using three probe-free methods-small-angle X-ray and neutron scattering (SAXS and SANS) and cryogenic electron microscopy (cryoEM)-we report unambiguous evidence of extensive multilamellarity in extruded vesicles composed of neutral phosphatidylcholine lipids, including for the common case of neutral lipids dispersed in physiological buffer and extruded through 100 nm diameter pores. In such preparations, only ~35% of lipids are externally accessible, and this fraction is highly dependent on preparation conditions. Charged lipids promote unilamellarity, as does decreasing solvent ionic strength, indicating the importance of electrostatic interactions in determining the lamellarity of extruded vesicles. Smaller extrusion pore sizes also robustly increase the fraction of unilamellar vesicles, suggesting a role for membrane bending. Taken together, these observations suggest a mechanistic model for extrusion, wherein formation of unilamellar vesicles involves competition between bilayer bending and adhesion energies. The findings presented here have wide-ranging implications for the design and interpretation of model membrane studies, especially ensemble-averaged observations relying on the assumption of unilamellarity.
STATEMENT OF SIGNIFICANCE
Extruded vesicles are a ubiquitous tool in membrane research. It is widely presumed that extrusion produces unilamellar (i.e., single bilayer) vesicles, an assumption that is often crucial for data analysis and interpretation. Using X-ray and neutron scattering and cryogenic electron microscopy, we show that a substantial amount of lipid remains inaccessible after extrusion due to an abundance of multilamellar vesicles (MLVs). While this is a general phenomenon for neutral lipids, MLV contamination can be reduced by several complementary approaches such as including charged lipids in the mixture, reducing the ionic strength of the aqueous medium, and reducing the extrusion pore size. These observations together suggest a mechanism by which extrusion strips MLVs of their layers.
Biomimetic model membranes enable carefully controlled, systematic experiments that can inform on complex functionality in living membranes. Many insights into biological membrane structure (1, 2) , shape transformations (3), dynamics (4), and phase behavior (5-7) derive from studies of chemically defined synthetic bilayers. These systems have also contributed greatly to our understanding of the interactions between proteins and biomembranes (8) .
While synthetic membranes can be produced in a variety of sizes and geometries, perhaps the most widely used experimental system consists of extruded vesicles (EVs) with diameters on the order of 100 nm. These vesicles are smaller than the resolution limit of light microscopy, but their size distributions can be measured with dynamic light scattering (DLS). Because of their uniform size and physical properties, extruded vesicles are readily amenable to ensemble-averaged spectroscopic and scattering techniques, as well as a vast array of biochemical assays. For many experiments, a convenient assumption is that half of the total lipid is exposed to the external solvent where it can interact with reagents in the extravesicular space. Unfortunately, few techniques are directly sensitive to the presence of inaccessible lipid layers in vesicle samples. Instead, uniformity in DLS-reported vesicle size distributions is often taken as evidence of successful extrusion and consequently, of a sufficiently unilamellar sample; indeed, such preparations are typically referred to as Large Unilamellar Vesicles, or LUVs. In this Letter, we show that the assumption of unilamellarity is incorrect for many commonly used vesicle formulations. Figure 1A shows SAXS scattering intensity versus momentum transfer q for POPC dispersions in PBS buffer at 25°C (all membranes in this study are measured in the fluid lamellar phase). Without extrusion, a characteristic set of broad, equally spaced peaks (in this case, at q = 0.10 Å -1 , 0.20 Å -1 , and 0.30 Å -1 ) emerges from lobes of diffuse scattering. These peaks are the first three orders of Bragg reflections from a repeating structure in the sample with a spacing of d = 2p/q1 = 62.6 Å. Given the well-known tendency of lipid films to swell into multilamellar vesicles (MLVs) consisting of multiple concentric bilayers separated by water, the observation of Bragg peaks corresponding to the lamellar repeat distance (i.e., one bilayer plus an interstitial water layer) is expected. The surprising result is that standard extrusion protocols believed to produce 100 nm unilamellar vesicles do not eliminate these reflections ( Fig. 1A ). Though the peaks in the EV sample are broader and less intense, their prominence indicates that substantial multilamellar structures remain even after extrusion.
We confirmed the presence of MLVs in both non-extruded ( Fig 1B) and extruded ( Fig 1C) samples by direct, real-space cryoEM imaging. Multilamellar and unilamellar vesicles in the extruded sample are comparable in size ( Fig. 1C ), suggesting that all vesicles passed through the extrusion pores (as opposed to leaking through the filter edges), and emphasizing that a uniform size distribution in DLS measurements does not imply the absence of MLVs in extruded samples. Indeed, we find that the extent of lamellarity (determined from SAXS data as described below) is only weakly correlated with average vesicle size, and is not correlated with the size polydispersity, both determined from DLS (Table S2 and Fig. S1 ).
The combination of Bragg peaks in scattering data and direct observation in cryoEM images provides unambiguous proof of multilamellar structures in EV preparations, an outcome that is usually undesirable and often overlooked. To quantify the extent of multilamellarity, scattering data were fit to a model combining a single lipid bilayer form factor and a multilamellar structure factor parameterized with a modified exponential distribution for the number of lamellae (see Supporting Materials and Methods, Section S1 for details of the model and fit procedure). The solid lines in Fig. 1A demonstrate that the model successfully captures both the diffuse lobes of scattering originating from the bilayer structure, as well as the broad reflections generated by the lattice of stacked lamellae. The dashed line shows the expected scattering from purely unilamellar vesicles. Figure 1D compares distributions of the number of lamellae obtained from SAXS analysis to those obtained by counting ~100 vesicles in cryoEM images, revealing excellent agreement between these approaches. As expected, unextruded vesicles showed a wide distribution that narrows and shifts toward fewer lamellae upon extrusion; however, only half of the lipid mass in the extruded sample (53 ± 4%) is in unilamellar structures, as determined from four replicate samples of POPC in PBS buffer (Table S2 ). Lamellar distributions enable a straightforward estimate of the fraction of externally accessible lipid "## (see Supporting Materials and Methods, Section S1 for details). This parameter is crucial for many experiments, as it reports directly on the fraction of total lipid accessible to externally added reagents such as proteins, quenchers, or small molecules. A perfectly unilamellar vesicle sample would have approximately half of its total lipid exposed on the vesicle surface ( "## ≈ 0.5). Figure 2 shows that common preparations (e.g., 100 nm vesicles of PC lipid hydrated in physiological buffer) yield "## = 0.35, ~30% lower than expected for a unilamellar sample. Put another way, approximately one-third of the lipids expected to be accessible to external reagents are instead entrained in vesicle lumens.
We observed qualitative agreement between "## calculated from SAXS and cryoEM images (stars in Fig. 2 ). Images also revealed unexpected complexity, including bilamellar structures consisting of larger vesicles enveloping smaller "nested" vesicles ( Fig 2B, arrowhead) , which comprised ~ 20% of 100 nm POPC vesicles (Fig. 2C) . Scattering analyses likely do not fully capture the abundance of these structures, which manifest in ( ) as a gentle oscillation in the low-q regime where the intensity is also influenced by vesicle concentration and size distribution, making it difficult to unambiguously assign scattering features. These nested structures likely explain why "## reported by cryoEM was systematically lower than estimates from SAXS ( Fig. 2A) . It has previously been reported that a small amount of charged lipid can reduce or eliminate Bragg reflections in scattering data (9, 10) . Hypothesizing that interlamellar repulsion would promote unilamellarity, we investigated the influence of charged lipids and buffer ionic strength on "## . Inclusion of negatively charged POPG in POPC bilayers at concentrations up to 10 mol% decreased multilamellarity and increased lipid exposure, as evidenced by both SAXS and cryoEM ( Fig 2A&C, Table S2 , Fig. S2 ), with a similar effect observed in SANS data from DMPC/DMPG bilayers (Table S3 , Fig. S3B ). Greater unilamellarity (i.e., higher "## ) was also achieved without changing membrane lipid composition, but instead by reducing solvent ionic strength, as shown in Fig. 2 for POPC hydrated with water. The absence of screening counterions greatly increased "## even in vesicles composed of zwitterionic lipids with no net charge, and further inclusion of as little as 2 mol% POPG or POPS resulted in essentially purely unilamellar vesicles. In good agreement with SAXS, 93% of the POPG-containing vesicles extruded in water were unilamellar in cryoEM images ( Fig 2C) . Importantly, neither adding charged lipid at < 10 mol% nor changing (Table S2 ), suggesting that overall bilayer structure was unaffected. Thus, while near-complete unilamellarity with minimal bilayer perturbation can be achieved in samples containing charged lipid and hydrated in pure water, the absence of either factor yields a substantial amount of inaccessible lipid even after extrusion through 100 nm pores. Together, the effects of charged lipid and ionic strength point to a role for electrostatic repulsion in the production of unilamellar vesicles by extrusion. We next investigated approaches to increase unilamellarity without altering the chemical composition of the bilayer or its aqueous solvent. Figure 3 shows the influence of extrusion pore size for POPC bilayers with or without 5 mol% POPG (see also Table S2 and Fig. S4 ). In both cases, decreasing the pore size increased the fraction of externally accessible lipid, with similar effects observed by SANS for DLPC and DMPC (Table S3 , Fig. S3A, Fig. S5 ). The largest extrusion pore sizes (400 nm) produced vesicles that were difficult to categorize by cryoEM, containing complex multilamellar and nested structures (Fig. 3B, left) . In contrast, the smallest pore filters (30 or 50 nm) or sonication produced essentially unilamellar vesicles even in the absence of charged lipids, as evidenced by cryoEM ( Fig. 3B) , SAXS (Fig. 3A, Table S2 ), and SANS (Table S3 ). Taken together, these observations suggest an interplay between interlamellar repulsion and membrane curvature as key determinants of the efficiency of unilamellar extrusion.
Finally, we explored the influence of lipid chain structure on lamellarity. For eight different phosphatidylcholines including saturated, unsaturated, and mixed chain species, "## ranged from 0.39 to 0.46 after extrusion through 100 nm pores (Table S2 , Fig. S6B) . Surprisingly, egg sphingomyelin (ESM), also a neutral lipid, was significantly more unilamellar than any of the PC lipids ( "## = 0.49). To explore the possible mechanisms underlying these results, we evaluated correlations between "## and membrane physical properties, including total number of carbons in the lipid chains, total number of double bonds in the chains, area per lipid, hydrocarbon thickness, melting temperature, and bending rigidity (Table S5, Fig. S7 ). The strongest correlation was with the bending energy: "## exhibits an approximately linear dependence on the bending modulus # determined from molecular simulations (11) .
Taken together, the above results suggest a mechanism in which the lamellarity of an extruded sample is influenced by a competition between bilayer bending and adhesion energies. During extrusion, stacked bilayers must collectively bend to enter the cylindrical extrusion pore. Assuming mechanically uncoupled bilayers, the energy required to bend a multilamellar stack scales with both the number of bilayers and the membrane's bending rigidity and is inversely related to the radius of curvature. Rather than bending, one or more of the bilayers can instead separate from the stack and enter the pore with a smaller bending penalty, a process that is opposed by the interbilayer adhesion energy. Any factor that increases the cost of bending-for example, a larger intrinsic bending stiffness or a smaller pore radius-also increases the likelihood of lamellar separation. Similarly, any factor that lowers the bilayer adhesion energy, such as increasing interlamellar repulsion with charged lipids (12) , also favors separation of layers and should therefore increase the fraction of unilamellar vesicles after extrusion. It is likely that bending energy also contributes to an increased probability of unilamellar vesicles upon hydration (i.e., prior to extrusion), as recently proposed (13) . Indeed, we found that the lipid with the largest bending modulus (ESM) had the greatest fraction of unilamellar vesicles both before and after extrusion (Table S2 ). However, sphingomyelin appears to be an outlier in this regard; for the PC lipids we examined, there was no correlation between "## before and after extrusion (Table S2 , Fig. S6 ), suggesting that their final lamellar distribution depends predominantly on events occurring during extrusion.
The predictive power of the proposed mechanism relies on the ability to independently control interlamellar forces and bending rigidity, a requirement that is likely not strictly met in any real experiment. In some cases, the different influences reinforce each other: for example, it is well established that adding charged lipid to neutral bilayers increases lamellar separation which in turn reduces bilayer adhesion (14) , and there is evidence that charged lipid can also increase membrane bending rigidity (15, 16) . Both of these factors favor unilamellarity, consistent with experimental observations reported here. On the other hand, the effect of salts may be difficult to predict due to their complicated (and in many cases, uncertain) influence on interbilayer forces and membrane mechanical properties. For example, the addition of monovalent salt has been shown to reduce attractive van der Waals forces in neutral bilayers (17, 18) , but also decrease interbilayer separation (and thereby increase adhesion) in charged bilayers through screening effects (the Debye length decreases by three orders of magnitude between pure water and physiological salt concentration). Moreover, NaCl has been shown to increase the bending rigidity of POPC multilayers (19) but decrease the bending rigidity of POPC giant unilamellar vesicles (16) . Divalent cations are even more complicated due to their ability to tightly bind acidic headgroups (20) . In short, the proposed mechanism should be used with appropriate caution; we recommend an approach of experimentally validating the effect of any sample additive using the methods described here.
The presence of multilamellar structures in extruded vesicles has been sporadically reported in the literature, often evidenced by their clear experimental signature in scattering studies (9, 13, 21) . Some factors that can potentially influence multilamellarity are the number of freeze-thaw cycles (22) , membrane lipid composition (9) , and modification of lipid headgroups, for example by PEG polymers (13, (22) (23) (24) . This work expands on these observations in several important ways. First, we present a general scattering model that enables robust quantification of the accessible lipid fraction from SANS or SAXS data, and we validate the model-dependent analysis with direct cryoEM imaging, a real-space technique that provides a particularly straightforward means to assess lamellarity. Notably, imaging revealed a nested vesicle structure difficult to detect with scattering that seems to be a preferred outcome for some samples; the mechanism responsible for creating this structure is not immediately obvious and warrants further investigation. Second, by examining nine different neutral lipids, we find that while residual MLVs are generally present after extrusion, their abundance differs in a manner that likely depends on membrane mechanical properties and possibly other factors. Finally, we identify three methods for increasing the fraction of unilamellar vesicles: (a) adding small amounts of charged lipid; (b) decreasing solution ionic strength; and (c) reducing extrusion pore size. Practically, these findings highlight a major potential artifact in very commonly used experimental preparations and provide a complementary set of strategies for mitigating the problem of MLV contamination in extruded samples. In addition, they point toward a mechanism by which extrusion strips MLVs of their layers (or in many cases, fails to do so) that can be further explored with theory, simulation and experiment.
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